Abstract. Ureteral obstruction leads to renal injury and progresses to irreversible renal fibrosis, with tubular cell atrophy and apoptosis. There is conflicting evidence concerning whether losartan (an angiotensin II type I receptor antagonist) mitigates renal interstitial fibrosis and renal tubular epithelial cell apoptosis following unilateral ureteral obstruction (UUO) in animal models. The aim of this study was to investigate the effect and mechanism of losartan on renal tubular cell apoptosis and renal fibrosis in a rat model of UUO. The rats were subjected to UUO by ureteral ligation and were treated with dimethyl sulfoxide (control) or losartan. The controls underwent sham surgery. The renal tissues were collected 3, 5, 7 and 14 days after surgery for measurement of various indicators of renal fibrosis. UUO increased the expression levels of α-smooth muscle actin and collagen I, and the extent of renal tubular fibrosis and apoptosis in a time-dependent manner. Losartan treatment partially attenuated these responses. Progression of renal interstitial fibrosis was accompanied by phosphorylation of signal transducer and activator of transcription 3 (STAT3) and altered the expression levels of two apoptosis-related proteins (Bax and Bcl2). Losartan treatment also partially attenuated these responses. The results indicated that losartan attenuated renal fibrosis and renal tubular cell apoptosis in a rat model of UUO. This effect appeared to be mediated by partial blockage of STAT3 phosphorylation.
Introduction
Chronic kidney disease (CKD) results from various types of insult to the kidney and affects ~10% of the general population worldwide (1) . CKD is a progressive process that is characterized by increasing levels of interstitial fibrosis (1, 2) . Renal tubulointerstitial fibrosis is the final common step in all forms of end-stage renal disease, and is characterized by aberrant activation and growth of renal fibroblasts (1, 2) . The activated fibroblast is considered a myofibroblast and is defined by phenotypic changes, including expression of α-smooth muscle actin (α-SMA) and increased production of fibronectin and other extracellular matrix (ECM) components (1) (2) (3) . Elucidation of the molecular events responsible for the activation of renal fibroblasts may lead to novel approaches for the treatment of progressive renal diseases.
Unilateral ureteral obstruction (UUO) is characterized by progressive renal atrophy, renal interstitial fibrosis and renal tubular cell apoptosis (4) . Numerous molecules and signaling pathways are associated with activation of renal interstitial fibroblasts (2, 5) . Signal transducer and activator of transcription 3 (STAT3) is highly expressed in renal interstitial fibroblasts following obstructive injury (6) and phosphorylation of this protein mediates renal tubular cell apoptosis following oxidant and ischemia-reperfusion injuries (7, 8) . There are seven proteins in the STAT family (STAT1-4, STAT5a, STAT5b and STAT6) and these proteins all mediate various cellular functions, including cell survival and proliferation (9, 10) . A previous study reported increased levels of STAT3 activation by phosphorylation at tyrosine-705 in interstitial fibroblasts of a fibrotic kidney following UUO (6) . However, the function of STAT3 in the activation of renal fibroblasts and apoptosis of renal tubular cells has not yet been examined in vivo.
Obstruction of the upper urinary tract has deleterious effects on the kidney and is a significant cause of renal insufficiency in children and adults (11) . Even with timely surgical management of urinary tract obstruction, there may still be irreversible damage to the affected renal unit (12) . Thus, pharmacological management of obstructive nephropathy is also important. The renin-angiotensin system (RAS) is activated in the developing kidney during normal renal development and is also activated by UUO (3). There is doubt whether RAS blockade mitigates renal interstitial fibrosis and renal tubular epithelial cell apoptosis (12) (13) (14) (15) .
The present study evaluated the therapeutic effect of losartan on the progression of renal fibrosis and tubular cell apoptosis in a rat model of kidney fibrosis. Furthermore, the effect of losartan on the activation of the STAT3 signaling pathway, a crucial event that occurs during the development of progressive renal fibrosis and tubular cell apoptosis, was investigated.
Materials and methods

UUO model and losartan treatment.
Male Sprague-Dawley rats (180-220 g) were housed at the Experimental Animal Center of Shengjing Hospital (China Medical University, Shenyang, China) at a constant temperature (18±1˚C) and under a consistent light/dark cycle (light from 07:00 to 18:00). Food and water were provided ad libitum. The animal protocol was approved by the Animal Care and Use Committee of Shengjing Hospital.
Following induction of general anesthesia by intraperitoneal injection of pentobarbital (50 mg/kg body weight), the abdominal cavity was exposed via a midline incision and the left ureter was isolated and ligated. The sham-surgery animals underwent the same surgical procedures but without ureter ligation. To establish the time course of renal fibrogenesis in this model, four groups of rats (10 rats per group) were sacrificed 3, 5, 7 and 14 days after the ureter ligation. The animals with UUO-induced nephropathy and the sham-surgery animals were administered water (5 ml per day) or water supplemented with losartan (30 mg/kg per day). Losartan was dissolved in the water and administered by gavage. The dose of losartan was based on those of previous studies (16) (17) (18) . At the end of the experiments, all rats were anaesthetized by intraperitoneal administration of ketamine (75 mg/kg) and xylazine (10 mg/kg) and kidneys were removed for western blot analysis or histological examination.
Renal morphology. Following fixation in 4% buffered formalin, the renal tissue was dehydrated through a graded ethanol series, embedded in paraffin and sectioned transversely with a thickness of 4 µm. Sections were prepared on a microtome and stained with Masson's trichrome. The renal morphology was observed by light microscopy (Olympus, Tokyo, Japan) and the severity of the renal fibrosis was determined by the counting of Masson's trichrome-positive areas. Blue granular and linear deposits were considered positive for collagen staining. Quantification of staining employed a computerized image-analysis program (MetaMorph/C-5050/BX41; Olympus, Tokyo, Japan), and the results are expressed as the percentage of area that was stained.
Immunoblot analysis. Tissue samples were washed three times with phosphate-buffered saline (PBS) and a suspension was prepared with a tissue homogenizer in radioimmunoprecipitation assay buffer (Biyuntian Biosynthesis Biotechnology Co., Ltd., Shanghai, China). Subsequently, the samples were centrifuged at 10,000 x g at 4˚C for 20 min, and the supernatants were stored at -80˚C until required. The protein concentrations were determined by the bicinchoninic acid protein method (Biyuntian Company) and each sample was adjusted to a protein content of 40 µg. Subsequently, the samples were denatured in loading buffer [62 mM Tris, 10% glycerol, 2% sodium dodecyl sulfate (SDS), 0.003% bromophenol blue, pH 7.4] and separated by electrophoresis on an 8% SDS-polyacrylamide gel (100 V for 120 min). Following the electrophoresis, the proteins were transferred to polyvinylidene difluoride-plus membranes (MSI, Westborough, MA, USA; 80 V for 60 min) with a semi-dry protein transfer system (UVP Inc., Upland, CA, USA). The membranes were blocked with 5% non-fat dry milk or 5% bovine serum albumin in Tris-buffered saline (TBS; pH 7.4) with 0.21% Tween-20 (TBST) for 1 h at room temperature, and washed three times (10 min each) in TBST. The membranes were then incubated with one of the following primary antibodies overnight at 4˚C in TBST: Anti-STAT-3 and phospho-STAT-3 (p-STAT-3) (Cell Signaling Technology, Inc., Danvers, MA, USA; diluted to 1:1,000), anti-bax and Bcl-2 (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA; diluted to 1:500), and anti-α-SMA and type I collagen (Sigma, St. Louis, MO, USA; diluted to 1:1,000). The membranes were washed three times (10 min each) in TBST, and then incubated with a peroxidase-conjugated IgG goat anti-rabbit secondary antibody (Kangcheng, Shanghai, China) for 2 h at room temperature. The membranes were then washed three times (10 min each) in TBST. Visualization was performed using an enhanced chemiluminescence kit (Amersham Pharmacia Biotech Inc., Piscataway, NJ, USA). Each membrane was also probed with an antibody against β-actin (Santa Cruz Biotechnology, Inc.; diluted to 1:2,000), a loading control. The protein expression levels were quantified by scanning densitometry using a bio-image analysis system (Bio-Rad, Baltimore, MD, USA).
Terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) assay. The TUNEL assay (In Situ Cell
Detection Death kit, POD; Roche Diagnostics, Mannheim, Germany) was used to determine the number of nuclei with fragmented DNA, i.e. the number of apoptotic cells. The tissue sections were deparaffinized and hydrated, and washed three times in PBS for 10 min each. Endogenous peroxidase was quenched for 30 min with 0.3% hydrogen peroxide in methanol. The sections were treated with 10 µg/ml proteinase-K for 15 min. Subsequently, the sections were washed with PBS, incubated with deoxynucleotidyl transferase and digoxigenin-dNTP for 1 h, and the reaction was stopped with a termination buffer. The slides were then washed with PBS, and peroxidase-conjugated anti-digoxigenin antibody was added at room temperature for 30 min. Following three washes in PBS, the slides were developed with 3,3'-diaminobenzidine and counterstained with 10% hematoxylin. Apoptotic nuclei were scored by manual counting of the number of them in 10 fields at x400 magnification. The number of apoptosis-positive cells in the tubules and interstitium were added together for the reported totals. In each group, the apoptotic nuclei were approximately equally distributed among the tubular and interstitial cells.
Statistical analysis. All data are expressed as the mean ± standard deviation. Statistical analysis was conducted using the Statistical Package for the Social Sciences software, version 10.5 (SPSS, Inc., Chicago, IL, USA). A one-way analysis of variance with Dunnett's multiple comparison test was used to compare mean values. P<0.05 was considered to indicate a statistically significant difference.
Results
UUO increases TUNEL staining and the expression levels of type I collagen and α-SMA.
The expression levels of α-SMA in the kidneys of the control and model rats were examined (Fig. 1) . α-SMA protein is a marker for tubulointerstitial myofibroblasts, which are responsible for the majority of the interstitial collagen deposition following UUO. Western blot analysis indicated that the kidneys of the control rats had negligible expression levels of α-SMA, but that the expression levels of α-SMA in the UUO rats were ~3-fold greater on day three and ~9-fold greater on day 14 compared with those of the sham rats (Fig. 1A and B) . The expression levels of collagen exhibited a similar pattern, although the magnitude of the changes was not as great ( Fig. 1A and B) .
The extent of tubulointerstitial fibrosis following UUO in renal cortical sections was also examined by use of Masson's trichrome stain. The results indicated that the normal kidneys had collagen in the Bowman's capsule, perivascular adventium and renal capsule. The kidneys from the UUO rats had a notably higher number of Masson's trichrome-positive regions in the tubulointerstitial regions on day three compared with that in the sham rats, and this damage increased over time (data not shown).
The TUNEL staining experiments indicated that apoptotic tubular cells were rare in sections of the kidneys from the sham (control) rats (Fig. 1C) . However, the levels of renal tubular apoptosis increased three days after UUO compared with those in the sham rats, and the number of TUNEL-positive cells continued to increase over time ( Fig. 1C and D) .
Losartan inhibits phosphorylation of STAT3 in the obstructed kidney. Previous studies have indicated increased levels of phosphorylated (p)-STAT3 in the interstitial fibroblasts of fibrotic kidneys (2, 6) . In agreement with the results of these previous studies, the results of the present study indicated that the levels of p-STAT3 increased over time in the kidneys subjected to UUO ( Fig. 2A and B) and were ~9-fold greater than those of the control on day 14. Subsequently, the effect of losartan on STAT3 expression and phosphorylation levels in the kidneys subjected to UUO was examined. The results indicated that the losartan treatment significantly reduced the levels of UUO injury-induced phosphorylation of STAT3, although not to the levels of the control (sham) rats (Fig. 2C  and D) . Although the UUO injury also induced increased expression levels of STAT3 compared with those in the sham rats, losartan had no effect on the overall STAT3 expression levels ( Fig. 2C and D) .
Losartan inhibits progression of renal fibrosis.
The effect of losartan on interstitial fibrosis was assessed by use of Masson's trichrome staining (Fig. 3A and B) . The sham kidneys had tubular lumens that were not dilated, epithelial cells that were cuboidal in shape, no apparent interstitium, and tubules that were back-to-back. However, the kidneys subjected to UUO had significant levels of blue staining by day seven compared with those in the sham rats, indicating interstitial fibrosis, and the tubules were separate from one another. Treatment with losartan significantly reduced the fibrosis, but not to the levels of the control. Quantitation of these results indicated that the interstitial volume was 1.5% (±0.5) in the control kidneys, 15.7% (±3.2) in the kidneys subjected to UUO, and 10.1% (±1.8) in the kidneys of the animals with UUO and losartan treatment (Fig. 3B) . The expression levels of type I collagen and α-SMA in the kidneys of the control and losartan-treated animals were also assessed ( Fig. 3C and D) . The results indicated that the expression levels of type I collagen and α-SMA were significantly greater in the obstructed kidneys compared with those in the sham rats, and that this effect was partially attenuated by the losartan treatment.
Losartan inhibits tubular apoptotic cell death and apoptotic protein expression in UUO.
There is a debate regarding whether losartan mitigates renal tubular epithelial cell apoptosis following UUO. In particular, certain studies of the effect of type 1 and 2 angiotensin II receptors on apoptosis and renal (15, 19, 20) . Thus, TUNEL staining was used in the present study to monitor the levels of apoptotic cell death in the sham-surgery and UUO-injured kidneys with and without losartan treatment (Fig. 4) .
There was no evidence of apoptotic cell death in the kidneys subjected to the sham surgery. However, there were a large number of TUNEL-positive cells in the renal tubules at seven days after UUO compared with those in the sham rats. Administration of losartan partially attenuated the effect of UUO on the apoptosis of tubule cells. The expression levels of two important proteins associated with apoptosis, Bcl-2 (an apoptosis inhibitor) and Bax (an apoptosis promoter), were also analyzed by western blot analysis (Fig. 4C and D) . The expression levels of renal Bcl-2 were marginally lower and the expression levels of Bax were higher in response to UUO compared with those in the sham rats. These results are also expressed in a plot of the Bax/Bcl-2 ratio, a common molecular marker used to assess damage in renal disease and other pathologies (Fig. 4E) .
Discussion
UUO is characterized by progressive renal atrophy, renal interstitial fibrosis and tubular cell apoptosis (4) . The levels of RAS activity are increased during the early stages of renal injury, and are further enhanced by UUO (13) . The results of the present study indicate that losartan inhibits the increase in renal fibrosis that follows UUO, as indicated by reduced deposition of ECM and expression of type I collagen. However, the mechanism by which losartan attenuates renal fibrosis is not fully understood. A previous study indicated that (2); thus, the present study examined the effect of losartan on their activation in vivo. The data of the present study showed that losartan administration attenuated the interstitial fibrosis and expression levels of α-SMA and type I collagen following UUO. Progression of renal fibrosis is a complicated process that is associated with the concerted interaction of numerous cellular and molecular factors (2, 21) . Signaling through the Janus kinase (JAK)/STAT pathway is an important component of the response of kidneys to injury and the progression of certain renal diseases. The current model of JAK/STAT signaling holds that binding of cytokines or growth hormones to their receptors activates JAK, which in turn phosphorylates the intracellular domain of the receptor and allows the recruitment and phosphorylation of a STAT (22) . Phosphorylated STATs form homo-or hetero-dimers, translocate to the nucleus and transactivate the expression of target genes (22) . Previous studies have reported that activation of the STAT3 signaling pathway is involved in the development of renal fibrosis in the UUO experimental model (6, 23) . In the present study, it was demonstrated that UUO induced STAT3 phosphorylation in the fibrotic kidney by day three and that the levels of p-STAT3 continued to increase until day 14. This marked and persistent increase in the levels of p-STAT3 suggests the importance of this protein in mediating the activation of renal interstitial fibroblasts and progression of renal fibrosis following UUO. The data also clearly demonstrated that administration of losartan partially attenuated the UUO injury-induced phosphorylation of STAT3 and renal fibrosis.
Ureteral obstruction leads to renal damage, and tubular cell apoptosis occurs early, followed by the release of cytokines and chemokines from the injured tubular cells and culminating in inflammatory reactions and interstitial fibrosis (24) . Thus, inhibition of the initial tubular cell apoptosis may limit the generation of signals from dying cells, thereby preventing the renal accumulation of proapoptotic and profibrotic cytokines and the subsequent inflammatory response (25) . The present study also demonstrated that the renal injury induced by UUO increased the Bax/Bcl-2 ratio (a proapoptotic signal) in the kidneys compared with in the sham rats, and that prolongation of the UUO injury led to increasing levels of renal tubular cell apoptosis and atrophy. It was also found that losartan partially inhibited the apoptosis associated with unilateral obstructive nephropathy. This observation is in disagreement with a previous study which reported that losartan had no effect on renal cell apoptosis in a murine model of unilateral obstructive nephropathy (26) . However, the results of the present study corroborate the findings of Manucha et al (18) , which showed that losartan reduced the Fas ligand expression levels in the obstructed kidneys of rats, suggestive of an anti-apoptotic effect. The apoptosis results of the present study are also confirmed by the demonstration of the effect of losartan on STAT3 signaling.
The incidence and prevalence of CKD is increasing worldwide and the primary aims of treatment are to prevent or slow disease progression (27) . Progressive renal interstitial fibrosis is a predominant pathological feature of obstructive nephropathy and is considered a common final step of almost all forms of CKD. The findings of the present study suggest that p-STAT3 may be essential in mediating the development of renal interstitial fibrosis in CKD that is caused by different renal diseases. This study also demonstrated that anti-angiotensin treatment with losartan reduced the levels of interstitial fibrosis and apoptosis in a rat model. These results provide novel evidence concerning the role of angiotensin receptor antagonists in slowing the progression of CKD. The results demonstrated that losartan is effective in reducing the levels of interstitial fibrosis and apoptosis in a rat model of unilateral obstructive nephropathy. The antifibrotic effect of losartan is associated with inhibition of the STAT3 signaling pathway, which contributes to renal fibrosis and tubular cell apoptosis. Additional studies are required to test this effect in humans, but the results of the present study are consistent with the view that angiotensin receptor blockade should be considered as the first-choice therapy for patients with chronic obstructive nephropathy.
